To clarify the role of ghrelin in the regulatory mechanism of energy metabolism, we analyzed the effects of centrally and peripherally administered ghrelin on noradrenaline release in the brown adipose tissue (BAT) of rats using a microdialysis system. I.c.v. administration of ghrelin at a dose of 500 pmol suppressed noradrenaline release in BAT, and microinjection of ghrelin (50 pmol) into the paraventricular nucleus (PVN) or arcuate nucleus (ARC) of the hypothalamus also suppressed noradrenaline release in BAT. In addition, i.v. administered ghrelin (30 nmol) suppressed noradrenaline release in BAT, and this suppression was blocked by a vagotomy. Neither i.c.v. nor i.v. administration of des-acyl ghrelin, which does not bind to GH secretagogue receptor type 1a (GHS-R1a), affected noradrenaline release in BAT. These results indicate that ghrelin increases energy storage by suppressing the activity of the sympathetic nerve innervating BAT. It seems that the PVN and ARC, which express GHSR1a, are the sites of action of ghrelin in the brain and that the action of peripheral ghrelin on the sympathetic nerve activity innervating BAT is mediated by the vagal nerve, which also expresses GHS-R1a.
Introduction
Ghrelin was isolated from the rat stomach extracts (Kojima et al. 1999) as an endogenous ligand for GH secretagogue receptor (GHS-R; Howard et al. 1996 , Smith et al. 1997 . Alternative mRNA processing of the rat GHS-R gene transcript generates two products, GHS-R1a and GHS-R1b (McKee et al. 1997) . The former isoform functions by binding ghrelin/GHS while the latter is non-functional (Howard et al. 1996) . Ghrelin/GHS stimulates not only GH secretion but also food intake through GHS-R1a when administered centrally or peripherally (Okada et al. 1996 , Nakazato et al. 2001 , Date et al. 2002 . Ghrelin increases Fos expression in the ventromedial nucleus, dorsomedial nucleus, suprachiasmatic nucleus, arcuate nucleus (ARC), and paraventricular nucleus (PVN) of the hypothalamus when administered i.c.v. or peripherally, and GHS-R1a is expressed in these nuclei (Lawrence et al. 2002 , Rüter et al. 2003 , Kobelt et al. 2005 , Mano-Otagiri et al. 2006 , Zigman et al. 2006 . The GHS-R1a expressed in GHRH neurons is mainly involved in ghrelin/GHS-induced GH secretion (Tannenbaum et al. 2003) . We have shown that GHS-R1a expressed in GHRH neurons upregulates GHRH gene expression (Mano-Otagiri et al. 2006) . Ghrelin administered i.c.v. or peripherally also increases the respiratory quotient (RQ), indicating its inhibitory action on fat expenditure (Tschöp et al. 2000) . Furthermore, the microinjection of ghrelin into the PVN or ARC increases food intake and RQ (Currie et al. 2005) . Therefore, the central effect of ghrelin on energy homeostasis may be mediated through the activation of GHS-R1a in the PVN and ARC.
Brown adipocytes are important in the regulation of energy metabolism by increasing energy expenditure through thermogenesis (Lowell & Spiegelman 2000) , and the activity of brown adipocytes is stimulated by the sympathetic nerves (Lowell & Spiegelman 2000) . I.c.v. administration of ghrelin suppresses the electrophysiological activity of the sympathetic nerves innervating brown adipose tissue (BAT) in rats anaesthetized with urethane and chloralose (Yasuda et al. 2003) . These findings suggest that ghrelin induces a positive energy balance not only by increasing food intake but also by decreasing energy expenditure.
We developed a microdialysis system in which the release of noradrenaline, an important stimulator of brown adipocytes, is monitored in BAT in freely moving rats. In the present study, we used this system to test the effect of i.c.v. administration of ghrelin or microinjection of ghrelin into the PVN or ARC on noradrenaline release in BAT. Our goal was to determine if i.c.v. administration of ghrelin inhibits noradrenaline release in BAT and if those hypothalamic nuclei are involved in the inhibitory action of ghrelin on the sympathetic nerves innervating BAT. Furthermore, the effect of i.v. administration of ghrelin on noradrenaline release in BATwas analyzed; the effect was further examined in bilateral vagotomized rats to clarify the pathway of peripheral ghrelin signals to BAT, since GHS-R1a is expressed in vagal nodose ganglion (Sakata et al. 2003 , Burdyga et al. 2006 .
Materials and Methods

Animals
Male Sprague-Dawley rats (SLC, Shizuoka, Japan), 7-8 weeks old, were used in this study. Rats were housed individually in each cage (20!25!18 cm) and maintained at 24 8C on a 12 h light:12 h darkness (light on at 0800 h, off at 2000 h). They were allowed access to laboratory chow and distilled water ad libitum. All experimental procedures were conducted in accordance with the guidelines for the use and care of laboratory animals from the ethics committee of Nippon Medical School.
Surgical procedure
To administer samples i.c.v., a polyethylene cannula was implanted into the right lateral ventricle and fixed to the skull with three screws and acrylic dental cement under sodium pentobarbital anesthesia (50 mg/kg of body weight, i.p.), as previously described, 5 days before the experiment (Mano-Otagiri et al. 2006) .
For microinjection of samples into the PVN or ARC, a 24-gauge stainless guide cannula was implanted and fixed to the skull with three screws and acrylic dental cement. Stereotaxic coordinates, as determined from the atlas of Paxinos & Watson (1996) were just above the PVN (rostral, K1 . 8 mm; lateral, 0 . 3 mm; and ventral, K6 . 2 mm, relative to the bregma and the brain surface) or ARC (rostral, K3 . 8 mm; lateral, 0 . 3 mm; and ventral, K8 . 1) under sodium pentobarbital anesthesia (50 mg/kg of body weight, i.p). A dummy cannula was inserted into the entire length of each guide cannula in order to prevent obstruction. After surgery, all rats were individually housed and allowed to recover for at least 6 days.
For i.v. injection of sample, an i.v. catheter was inserted into the right external jugular vein of rats under sodium pentobarbital anesthesia (50 mg/kg of body weight, i.p.; Thrivikraman et al. 2002) 4 days before the experiments.
To examine the effect of a vagotomy, a truncal vagotomy (or a sham operation as a control) was performed 7 days before the i.v. catheter insertion. After a midline incision of the abdominal wall, the lower part of the esophagus was exposed and the anterior and posterior branches of the vagal nerve were incised under anesthesia with sodium pentobarbital (50 mg/kg of body weight, i.p.), as previously described (Smith et al. 1981) . During the sham operations, the vagal trunks were similarly exposed without any cutting of the vagal nerve.
Microdialysis of noradrenaline in BAT
On the day of the experiment, the skin in the interscapular area was shaved and cleaned with 70% ethanol, and a small incision was made along the midline, exposing a depot of white fat and the underlying interscapular brown fat. A microdialysis probe (OP-100-05; Eicom Corp., Kyoto, Japan) with a 5-mm dialyzable membrane was inserted into either lobe of the brown fat lobes under light anesthesia with ether (Gabaldón et al. 2003) . The end of the probe was exteriorized through the midscapular skin incision, and the skin incision was then sutured close. After the rat had recovered from anesthesia, the probe was connected with tubing for microdialysis, and microdialysis was performed under free-moving conditions without chow and water between 1100 and 1800 h. The probe was continuously perfused with Ringer's solution (147 mM NaCl, 4 mM KCl, and 2 . 3 mM CaCl 2 , pH 7 . 0) at a flow rate of 2 ml/min, and the dialysate was collected every 20 min. Noradrenaline concentrations in dialysates (40 ml/20 min) were determined by a combination of HPLC and electrochemical detection by an Eicompak CA-5ODS column (2 . 1 mm i.d.!150 mm; Eicom) and a WE-3G graphite electrode (Eicom) set at C450 mV against an Ag/AgCl reference electrode. The electrode's current sensitivity was 0 . 1 nA. The minimum detection limit of noradrenaline in the system was 0 . 1 pg. The mobile phase in the HPLC column was 0 . 1 M sodium phosphate buffer (pH 6 . 0) containing 1 . 85 mM sodium octanesulfonic acid, 0 . 17 mM EDTA, and 5 . 0% (v/v) methanol. After a 3 h stabilization period, the baseline noradrenaline levels were defined as the average release in three consecutive fractions immediately preceding the injection and were considered as 100%. Rats then received an injection of rat ghrelin (Peptide Institute, Inc., Osaka, Japan).
Ghrelin at a dose of 50 or 500 pmol dissolved in 2 ml of saline (or 2 ml of saline as a control) was administered i.c.v. through the guide cannula. Ghrelin at a dose of 50 pmol dissolved in 0 . 5 ml of saline (or 0 . 5 ml of saline as a control) was microinjected into the PVN or ARC. Ghrelin at doses of 6 or 30 nmol dissolved in 0 . 5 ml saline (or 0 . 5 ml saline as a control) was i.v. administered. Each administered dose of ghrelin was determined by its stimulatory effect on food intake as determined in previous reports, 10 pmol to 1 nmol for i.c.v. administration, 15-60 pmol for microinjection into the brain, and 1 . 5-10 nmol for i.v. administration (Nakazato et al. 2001 , Date et al. 2002 , Currie et al. 2005 . We also administered rat des-acyl ghrelin (Peptide Institute, Inc.), which does not bind to GHS-R1a, at a dose of 500 pmol for i.c.v. experiment or 30 nmol for i.v. experiment to certify that the action of ghrelin is mediated by GHS-R1a.
Histology
To verify the placement of the cannula, rats were deeply anesthetized with sodium pentobarbital at the end of the experiment, and dye (0 . 5 ml Brilliant Blue 6B; Tokyo Kasei, A MANO-OTAGIRI and others . Ghrelin suppresses noradrenaline release in BAT Tokyo, Japan) was then injected into the microinjection cannula. The brain was fixed with 10% formaldehyde via intracardiac infusion. Coronal sections were then made, and the injection site was localized according to the atlas (Paxinos & Watson 1996) . The images were captured with an image analysis system (microscope; B!50, objective lens; 4!, OLYMPUS, Tokyo, Japan, camera; Power HAD, SONY, Tokyo, Japan, detector; MCID Elite Version 6.0, Amersham Biosciences).
Northern blotting analysis of uncoupling protein 1 mRNA in BAT
To examine the effect of ghrelin on uncoupling protein (Ucp) 1 mRNA expression in BAT, rats were killed by decapitation 3 or 6 h after i.c.v. or i.v. administration of sample and BAT was removed and stored at K80 8C.
Total RNA was extracted from rat tissues using the AGPC method. Ucp1 cDNA was amplified from BAT RNA using 5 0 -CCGGATCCAGGCTTCCAGTACTATTAG-3 0 (sense) and 5 0 -CCGAATTCGCCACCCGTCATCAAGCCA-3 0 (antisense) primers, which range from 310 to 547 (NCBI: BC088156). The amplified cDNA was subcloned into pGEM 3Z vector (Promega). Plasmid vector was digested by EcoRI and BamHI, and the 233 bp Ucp1 cDNA fragment was labeled using a digoxigenin (DIG) DNA labeling and detection kit (Roche Diagnostics GmbH).
Twenty micrograms of total RNA was separated with 0 . 8% agarose gel and transferred to a positively charged nylon membrane (Roche). The membranes were fixed by u.v. cross linking and pre-hybridized in high SDS-buffered solution (7% SDS, 50% formamide, 5!SSC, 50 mM sodium phosphate, pH 7 . 0, 0 . 1% N-lauroylsarcosine, and 50 mg/ml yeast tRNA) at 55 8C for 2 h. DIG-labeled DNA probe was added and hybridized at 55 8C for 48-72 h. The membranes were then washed and primed with anti-DIG antibody conjugated with alkaline phosphatase. The signals were detected on Fuji Las 1000 (Fuji film, Tokyo, Japan) using CDP star detection reagent (Amersham Biosciences). Quantification of the bands was performed using an NIH image (developed by Dr Wayne Rasband; available via http://rsb.info.nih.gov), and the intensity of the bands was corrected using the density of the 18S rRNA bands. The Ucp1 mRNA level was expressed as a percentage of the control group (rats receiving saline).
RT-PCR
The tissue samples of hypothalamus, pituitary, epididymal WAT and BAT were obtained from five rats after decapitation and they were then stored at K80 8C. Total RNA was extracted from rat tissues using AGPC method. To avoid false positive results caused by DNA contamination, a DNase treatment for 60 min at 37 8C using RNase-free DNase (Takara, Shiga, Japan) was done. First strand cDNA was synthesized using 1 mg of denatured total RNA under conditions of 42 8C for 30 min, 99 8C for 5 min, and 5 8C for 5 min using a RT-PCR kit (Takara After amplification, the PCR products were subjected to 2 . 2% agarose gel electrophoresis, stained with 0 . 5 mg/ml ethidium bromide, and were then visualized under u.v. illumination.
Data analysis
All results are expressed as meanGS.E.M. The data were subjected to two-or three-way repeated-measures ANOVA with ghrelin injection, surgical operation, and time as factors. The data of basal noradrenaline release in sham-operated rats and vagotomized rats and Ucp1 expression in BAT were subjected to one-way ANOVA. Subsequently, Fisher's PLSD test for multiple comparisons was used. P values !0 . 05 were considered statistically significant.
Results
Typical histological sections indicating the location of the probes inserted into the PVN or ARC are shown in Fig. 1 . Only data obtained from rats in which the tip of the injection needle was inserted into the PVN or ARC were used for the statistical analysis. The data from rats in which the tip of the injection needle was not inserted into the PVN or ARC were shown as misplacement controls in Fig. 2A .
Inhibitory effect of i.c.v. ghrelin on noradrenaline release in BAT
The effect of i.c.v. administration of ghrelin at a dose of 50 or 500 pmol on noradrenaline release in BAT is shown in Fig. 3A . There was a significant interaction between ghrelin injection and time (F 16, 72 Z3 . 14; P!0 . 005). Further analysis revealed that i.c.v. administration of ghrelin at a dose of 500 pmol but not 50 pmol significantly suppressed noradrenaline release in BAT dialysates 0-20 and 20-40 min after injection (P!0 . 05). The effect of i.c.v. administration of des-acyl ghrelin at a dose of 500 pmol on noradrenaline release in BAT is shown in Fig. 3B . Des-acyl ghrelin did not affect noradrenaline release in BAT.
Inhibitory effect of ghrelin microinjected into PVN and ARC on noradrenaline release in BAT
The total number of rats used for microinjection study into the PVN was 15, and the number of rats in which ghrelin or saline was misplaced was six. The total number of rats used for microinjection study into the ARC was 16, and the number of rats in which ghrelin or saline was misplaced was seven.
The effect of microinjection of ghrelin into the PVN at a dose of 50 pmol on noradrenaline release in BAT is shown in Fig. 2B . There was a significant interaction between ghrelin microinjection and time (F 8, 56 Z2 . 51; P!0 . 03). Further analysis revealed that ghrelin microinjected into the PVN significantly suppressed noradrenaline release in BAT dialysate 0-20 min after the microinjection (P!0 . 05). The effect of the microinjection of ghrelin into the ARC at a dose of 50 pmol on noradrenaline release in BAT is shown in Fig. 2C . There was a significant interaction between ghrelin microinjection and time (F 8, 56 Z2 . 62; P!0 . 02). Further analysis revealed that ghrelin microinjected into the ARC significantly decreased noradrenaline release in BAT dialysate 0-20 min after the injection (P!0 . 05). The effect of ghrelin on noradrenaline release in BAT was not detected in misplacement-controls, in which ghrelin was not microinjected into the PVN or ARC correctly. The effect of i.v. administration of des-acyl ghrelin at a dose of 30 nmol on noradrenaline release in BAT is shown in Fig. 4C . Des-acyl ghrelin did not affect noradrenaline release in BAT.
Northern blotting analysis of Ucp1 mRNA in BAT
Northern blotting analysis of Ucp1 mRNA in BAT is shown in Fig. 5 . There was no significant difference in Ucp1 mRNA expression in BAT between saline group and ghrelin group 3 and 6 h after their i.c.v. administration (Fig. 5A ). There was also no significant difference in Ucp1 mRNA expression in BAT between saline group and ghrelin group 3 and 6 h after their i.v. administration (Fig. 5B) .
RT-PCR analysis of the expression of GHS-R1a
RT-PCR analysis of GHS-R1a mRNA expression was shown in Fig. 6 . There was no band of the PCR products of GHS-R1a in WAT or BAT while it was found in the hypothalamus and pituitary. As internal controls in RT-PCR, GHRH, GH, Ucp1, and leptin were used for the hypothalamus, pituitary, BAT, and WAT respectively, and their PCR products were detected.
Discussion
The present study is the first study to show that ghrelin administered centrally or peripherally inhibits noradrenaline release in BAT in conscious, free-moving rats, and the results were in accordance with a report that ghrelin administered i.c.v. inhibited the electrophysiological activity of sympathetic nerves in BAT in anesthetized rats (Yasuda et al. 2003) . These results suggest that ghrelin inhibits the activity of BAT through the inhibition of the sympathetic nervous system. Ghrelin increases food intake when it is injected i.c.v. or i.v. (Date et al. 2002 , Nakazato et al. 2001 , Tamura et al. 2001 . I.c.v. or s.c. injection of ghrelin elevates RQ in rodents, indicating an inhibitory effect of ghrelin on fat expenditure as an energy substrate (Tschöp et al. 2000) . Furthermore, body adipose tissue is reduced in transgenic rats expressing an antisense GHS-R mRNA under the control of the promoter for tyrosine hydroxylase compared with wild rats (Shuto et al. 2002) . Together, these results suggest that ghrelin decreases fat expenditure by inhibiting the function of brown adipocytes through the sympathetic nervous system. The i.c.v. or i.v. administration of des-acyl ghrelin, which is known not to bind to GHS-R1a, did not alter the noradrenaline release in BAT. The present study also demonstrated that GHS-R1a mRNA was not detectable in WAT or BAT of rats. These results, therefore, suggest that ghrelin modulates the activity of sympathetic nerves in BAT via GHS-R1a, and that ghrelin does not seem to act directly on brown adipocytes.
BAT plays a major role in energy expenditure and nonshivering thermogenesis in rodents. Noradrenaline released from the sympathetic nerve endings in BAT binds to b 3 -adrenergic receptors on brown adipocytes and initiates intracellular breakdown of triglyceride to free fatty acid by activating hormone-sensitive lipase through an intracellular signal, cAMP (Cannon & Nedergaard 2004) . Free fatty acids are substrates for thermogenesis and activators of Ucp1 (Cannon & Nedergaard 2004) . Ucp1 is highly expressed in brown adipocytes and is involved in thermogenesis in BAT. The i.c.v. or i.v. injection of ghrelin did not affect the expression level of Ucp1 mRNA in BATof rats in the present study, while ghrelin inhibits Ucp1 mRNA expression in BAT in a manner independent of ghrelin-induced hyperphagia when it is chronically administered for 7 days (Tsubone et al. 2005 , Theander-Carrillo et al. 2006 . These findings suggest that chronic administration seems to be necessary for ghrelin to reduce the expression level of Ucp1 mRNA. It is unclear whether ghrelin administered i.c.v. influenced BAT temperature at a dose of 500 pmol in the present study since we did not measure it. However, since a study has shown that i.c.v. infusion of 1 nmol of ghrelin for 10 min causes a rapid, significant reduction of BAT temperature (Yasuda et al. 2003) , further studies are needed to clarify how endogenous ghrelin is involved in the regulatory mechanism of BAT temperature in rats allowed access to chow ad libitum.
The activity of BAT is dependent on the calorie intake. Two-day fasting decreases noradrenaline turnover while cafeteria diet for 9 days increases the turnover in rats (Young et al. 1982) . In parallel with the changes in sympathetic nerve activity, 48 h fasting decreases Ucp1 mRNA expression in rats (Champigny & Ricquier 1990) while the gene expression is elevated in mice which were exposed to high fat diet for 4 weeks (Surwit et al. 2000) . Circulating ghrelin levels show circadian changes in rats allowed access to chow ad libitum . In addition to the circadian changes, the circulating ghrelin levels increase in 3-day fasting and decrease on 30-day high fat diet (Lee et al. 2002) . These findings therefore suggest that continuous increase or decrease of ghrelin affects the activity of BAT through the sympathetic nerves. Although it is unclear whether ghrelin influences the activities of fat storage-promoting enzymes and fat oxidationpromoting enzymes in rats, an increase in lipid droplets in BAT was found in mice which had been administered with ghrelin i.p. for 7 days (12 nmol/kg of body weight per day; Tsubone et al. 2005) , These findings, taken together with our results, suggest that ghrelin may inhibit lipolysis in BAT.
The present study showed that ghrelin at a dose of 500 pmol but not 50 pmol inhibits noradrenaline release in BAT while previous studies have shown that ghrelin stimulates food intake and GH secretion at doses of 10 and 20 pmol respectively, when it is administered i.c.v. (Date et al. 2000 , Nakazato et al. 2001 . The present study also showed that ghrelin at a dose of 30 nmol but not 6 nmol inhibits noradrenaline release in BAT while other studies have shown that ghrelin stimulates food intake and GH secretion at doses of 1 . 5 and 1 . 2 nmol respectively, when it is administered i.v. (Date et al. 2002 . These results suggest that the threshold for ghrelin to suppress noradrenaline release in BAT may be higher than that for ghrelin to stimulate food intake or GH secretion. Another possible explanation for the results is that noradrenaline release in BAT is already suppressed by endogenous ghrelin to some extent in a tonic way, thus requiring higher doses of exogenous ghrelin for further inhibition of noradrenaline release. This seems likely as we have found that i.c.v. administration of ]-GHRP6, an GHS-R antagonist, significantly increases noradrenaline release in BAT (Mano-Otagiri, unpublished observation). Furthermore, A MANO-OTAGIRI and others . Ghrelin suppresses noradrenaline release in BAT since plasma ghrelin concentrations rise in the afternoon and reach a peak at 1500 in rats allowed access to chow and water ad libitum and the time of ghrelin administration in the present study was around 1400-1500 when endogenous ghrelin concentrations in plasma are suggested to be high, the elevated concentrations of endogenous ghrelin might increase doses of exogenous ghrelin to further inhibit noradrenaline release in BAT.
The present study also shows that a vagotomy blocks the inhibitory effect of i.v. ghrelin on noradrenaline release. It is not likely that ghrelin could not reduce noradrenaline release further because of lowered noradrenaline release in vagotomized rats as there was no significant difference in basal noradrenaline release in BAT between sham-operated and vagotomized rats. It is therefore suggested that the vagal nerve mediates the peripheral ghrelin signal to the central nervous system to inhibit the activity of sympathetic nerves innervating BAT. Recently, it has been suggested that the afferent vagal nerve mediates the stimulatory action of peripherally administered ghrelin on food intake or GH secretion (Date et al. 2002) , because GHS-R1a is expressed in 20% of cells of the vagal nodose ganglion (Burdyga et al. 2006) and the stimulatory effects of peripherally administered ghrelin on food intake and GH secretion are blocked and attenuated respectively, by vagotomy or capsaicin-induced blockade of vagal afferent signaling (Date et al. 2002) . Peripheral ghrelininduced food intake is also abolished by bilateral midbrain transections rostral to the nucleus solitary tract (Date et al. 2006) . The nucleus solitary tract mediates the vagal afferent signal to the ARC through its noradrenergic projection. Therefore, the peripheral ghrelin signal to suppress the activity of BAT seems to be transmitted through the afferent vagal nerve and the nucleus solitary tract to the central sympathetic nervous system controlling BAT.
The effects of ghrelin in the PVN and ARC on noradrenaline release in BAT seem to be region-specific as ghrelin did not show the effects when it was microinjected into extra-PVN or -ARC regions. A microinjection of ghrelin into the PVN or ARC increases food intake and RQ in rats (Currie et al. 2005) . Since the PVN and ARC express GHS-R1a (Zigman et al. 2006) , these findings together with our present results may indicate that ghrelin directly activates GHS-R1a in the PVN and ARC and induces a suppressive effect on the sympathetic nervous system innervating BAT. After injection of the neurotropic virus pseudorabies into BAT, infected neurons were present in the PVN, lateral hypothalamus, perifornical region, and retrochiasmatic nucleus (Oldfield et al. 2002) . A slightly longer survival time for virus-infected neurons appeared in the ARC and dorsomedial hypothalamus (Oldfield et al. 2002) . Another report indicated that raphe pallidus and the PVN were the main areas containing sympathetic premotor neurons activated by cold exposure (Cano et al. 2003) . Since most of these hypothalamic areas express GHS-R1a, it seems that some of these areas are involved in the regulatory mechanism of sympathetic nervous system activity by ghrelin. Although it is unclear if microinjection of ghrelin into the lateral hypothalamus, dorsomedial nucleus, perifornical region, retrochiasmatic nucleus, and raphe pallidus suppresses noradrenaline release in BAT, our results indicate that at least the PVN and ARC may control sympathetic outflow to BAT through activation of GHS-R1a.
In summary, we found that centrally or peripherally administered ghrelin inhibits noradrenaline release in BAT and that a vagotomy blocks the inhibitory effect of peripheral ghrelin on BAT. These results suggest that central and peripheral ghrelin/GHS-R1a may play an important role in the regulatory mechanism of energy metabolism by suppressing the sympathetic nervous system innervating brown adipocytes and that the GHS-R1a expressed in the vagal nerve may be involved in the signal transduction of peripheral ghrelin to control the function of brown adipocytes. It is also suggested that the PVN and ARC may be the sites of ghrelin action in the central nervous system to inhibit the sympathetic outflow controlling brown adipocytes.
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